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Abstract

Over 520 different amino acid substitution variants have been previoudly identified in the
systematic screening of 91 human DNA repair genes for sequence variation. Two algorithms were
employed to predict the impact of these amino acid substitutions on protein activity. Sorting
Intolerant From Tolerant (SIFT) classified 226 of 508 variants (44%) as “ Intolerant”.
Polymorphism Phenotyping (PolyPhen) classed 165 of 489 amino acid substitutions (34%) as
“Probably or Possibly Damaging”. Another 9-15% of the variants were classed as “ Potentially
Intolerant or Damaging”. The results from the two algorithms are highly associated, with
concordance in predicted impact observed for ~62% of the variants. Twenty one to thirty one
percent of the variant proteins are predicted to exhibit reduced activity by both algorithms. These
variants occur at slightly lower individua allele frequency than do the variants classified as
“Tolerant” or “Benign”. Both algorithms correctly predicted the impact of 26 functionally
characterized amino acid substitutions in the APEL protein on biochemical activity, with one
exception. It is concluded that a substantial fraction of the missense variants observed in the
general human population are functionally relevant. These variants are expected to be the
molecular genetic and biochemical basis for the associations of reduced DNA repair capacity
phenotypes with elevated cancer risk.



I ntroduction

The availability of genomic sequence has provided the infrastructure for addressing questions
related to genetic variation in the human population. For example, the SNP Consortium effort
identified over 1.2 million single nucleotide polymorphisms (SNPs) in screening samples from a
limited number of individuals[1]. More directed efforts have identified many common missense
variants in genes with potential associations with susceptibility to common human diseases, e.g.
cardiovascular disease, asthma, hypertension and rheumatoid arthritis [2-6] and functionally
related genes [7-11]. The genes encoding proteins with rolesin the repair of damaged DNA are
one family of genes where large datasets exist from the systematic screening for DNA sequence
variation. An average of over five different amino acid substitution variants per gene has been
observed in the sequencing of 84 DNA repair genesin ~90 generally healthy individuals[11, ref.
12 summarizes extensive data from three data bases]. Seventy percent of the missense variantsin
the repair genes exist at less than 2% individual frequency and only 6% of the variant alleles occur
at frequencies of greater than 20%, a distribution similar to that observed for nonsynonymous
variants in other sets of genes.

It iswell established that variants of DNA repair genes are associated with inherited disease.
Cancer syndromes associated with variation in DNA repair genes and |oss of repair capacity
include breast cancer [13] and colon cancer families[14]. Cancer families account for only afew
percent of the cancersin the population, as observed for most common diseases. More subtle
variations in capacity to repair different classes of DNA damage also exist. Studies of repair
capacity and mutagen sensitivity phenotypes, where 20-40% deviations from the population mean
are observed in 10-20% of the general population [15-17], clearly establish that individuals with
reduced capacity to repair damaged DNA are at elevated cancer risk [16,18,19]. These highly
heritable phenotypes integrate the impact of variation in the genesin the repair pathway(s) being
interrogated [20,21].

At afunctional level, only afew of the many missense variantsin repair genes have been
studied. Employing biochemical assays, four of seven of the variants of APEX1 (the proteinis
commonly referred to as APEL) identified in population studies retained only 10-60% of normal or
wildtype activity [22]. Concordance of predicted impact of a substitution employing molecular
replacement modeling and measured enzymatic activity was observed for six of the seven variants.
Additional evidence that polymorphic variants impact protein and repair pathway activity are the
associations of several polymorphic variants with reduced DNA repair capacity [23-25] and
modest elevations in cancer risk [26]. The impact of most variants in these genes on repair activity
or susceptibility has yet to be addressed

In silico methods have been devel oped to predict the potential of amino acid substitutions to
impact protein structure and activity [27-35]. The underpinnings for these algorithms are sequence
conservation over evolutionary time, the physical and chemical properties of the exchanged
residues and/or protein structural domain information. Different algorithms emphasize different



aspects of this knowledge. The SIFT (Sorting Intolerant From Tolerant) algorithm emphasizes
sequence homology among related genes and domains over evolutionary time and the
characteristics of the amino acid residues [27-29] in predicting the impact of amino acid
substitutions. The PolyPhen (Polymorphism Phenotyping) algorithm also incorporates sequence
conservation and the nature of the amino acid residues involved, but also values the location of the
substitution within identified functional domains and known structures and structural features of
the protein available in the annotated data base SwissPro [32,34]. These agorithms were
approximately 80% successful in benchmarking studies employing amino acid substitutions
assumed to have a mgjor negative impact on the residua activity of the variant protein as the test
set [28,31,32,35]. Measures of evolutionary conservation of sequence and SIFT scores predicted
that 38 and 70, respectively, of 139 missense variantsin exon 11 of BRCAIwould impact function
[36]. Similarly, afraction of the variantsin a series of transmembrane proteins[8], disease
associated genes [10] and DNA repair genes [11] had characteristics expected of variants
impacting function.

We report the results of applying the SIFT and PolyPhen algorithmsto a set of 523 amino acid
substitutions identified in the systematic screening of 91 DNA repair genes for sequence variation
in the general population. We find that 30-50% of these variants are predicted to have a negative
impact on protein activity that could result in reduced repair capacity and therefore be associated
with elevated genetic susceptibility and cancer risk.

Results
Prediction of impact of substitutions on function and association with allele frequency

The dataset for analysis of the potential impact of common polymorphismsin DNA repair genes
was 523 amino acid substitution variants identified in systematic sequencing of 91 human DNA
repair and repair related genes (summarized in Methods, Table 5). No missense variants were
identified in the screening of 9 genes.

PolyPhen scores were obtained for 489 missense variants in 81 genes. Table 1 presents the
distribution of the variants by PolyPhen score. To provide an overview of the distribution of
PolyPhen scores, the scores are placed into 8 groups. PolyPhen scores of >2.0, scores expected to
be “Probably Damaging” to protein structure and function [33], account for 12.5% of the variants.
An additional 21.3% of the variants exhibited PolyPhen scores of 1.99-1.50, scores indicative of
variants that are “ Possibly Damaging” to protein function. In total, 33.8% of the variants exhibit
PolyPhen scores of greater than 1.5 and are designated as variants “ Probably or Possibly
Damaging” to function. We have introduced the categories “ Potentially Damaging” and
“Borderline” to extend the application of the algorithm further into the range of impacts that may
be relevant to disease susceptibility. The focusisto capture variant proteins retaining sufficient
activity to not “cause” monogenic disease, but with sufficiently reduced activity to increase risk of
disease, particularly following an exposure. The variants with PolyPhen scores of 1.49-1.25 were



designated “Potentially Damaging” to function and accounted for 15.5% of the variants. A total of
49.3% of the variants have PolyPhen scores of greater than 1.25. Scores of 1.24-1.00 were
designated as “Borderline”, providing a buffer between the PolyPhen scores expected to designate
avariant as“Damaging” and the scores expected to designate “Benign” variants with high
probability. Although no significant (inverse) correlation of variant allele frequency and PolyPhen
score was observed (r=-0.13), the average allele frequency for 241 variants classified as “ Probably,
Possibly or Potentially Damaging” (0.031) was significantly less than the average allele frequency
for the 248 variants predicted to “Borderline” or “Benign” (0.048) (Wilcoxon test; p=0.016).
Elevated allele frequency is most apparent in the two groups of variants with PolyPhen scores of
<0.50.

Similar data for 508 variants in 82 genes analyzed with the SIFT agorithm arein Table 2. Note
the directionality of the SIFT and PolyPhen scores are opposite and the SIFT scores are limited to
the range of 0.0 to 1.0, while the PolyPhen scores in this dataset ranged from 3.17 to 0.0. Twenty
eight percent of the amino acid substitution variants exhibit SIFT scores of 0.0. Another 16.9% of
the variants have scores between 0.01 and 0.05. Thus, 44.5% of the polymorphic amino acid
substitution variants are classified [27] as“Intolerant” variants by SIFT. Again, given the
additional interest in variants with more modest impact on protein activity, the variants with SIFT
scores of 0.051-0.10 have been designated as “ Potentially Intolerant”. The “Potentialy Intolerant”
group includes 45 additional variants or 8.9% of the variants scored by SIFT. No significant
correlation of allele frequency and SIFT score was identified (r=0.08), but as with PolyPhen, the
average alele frequency for 271 variants classified as “Intolerant” or “Potentialy Intolerant”
(0.038) was less than the frequency for the 237 variants classified as “ Borderline” or “ Tolerant”
(0.045) (Wilcoxon test, p=0.049). The “Tolerant” variants with SIFT scores of >0.50 have the
highest average alele frequency.

Concordance between PolyPhen and SFT predictions

An obvious question is how concordant are the predictions of impact of the individual amino
acid substitutions on function, given that the two algorithms employ different approaches and also
different datasets as foundations for their analysis. Table 3 presents the rel ationship between SIFT
and PolyPhen scores when the distribution of scores for each algorithm is reduced to three groups
predicted to potentially impact function, plus one group unlikely to impact function and a group at
the interface (Borderline) between the “damaging” and “tolerated” scores, as described in Tables 1
and 2. Agreement of probability of negative impact (Table 3, yellow shaded cells), that isa SIFT
score of 0.00 and a PolyPhen score of >2.00, a SIFT score of 0.01-0.05 and a PolyPhen score of
2.00-1.50, etc, was observed for 35% of the 479 variants scored with both algorithms. Employing a
broader definition of agreement, with the cells adjacent to the diagonal cells (Table 3, turquoise)
included as being in general agreement, concordance is observed for 62% of the variants. The
SIFT and PolyPhen scores are highly associated (chi-square of 27.9, one degree-of-freedom,
p<0.0001). The most noticeable discrepancy involves the set of 28 variants with SIFT scores of



0.00 (high likelihood of negative impact) and PolyPhen scores of less than 1.0 (Benign). The
variantsin this group are not from a small number of genes and the discrepancies between the
algorithms do appear to be associated with obvious aspects of data quality or quantity. With the
grouping employed in Table 3, 21% of the variants are predicted by PolyPhen to be “Probably or
Possibly Damaging” and “Intolerant” by SIFT (bolded numbers). Another 10.7% of the variants or
atotal of 32% are predicted by both algorithmsto have at least the “ Potentia” to have a negative
impact on protein activity (numbersin italics).

Benchmarking prediction algorithms with biochemically characterized variants

Asatest for the ability of the SIFT and PolyPhen algorithms to identify substitutions impacting
enzymatic activity of DNA repair proteins, scores were obtained for a series of 26 previously
characterized amino acid substitution variants of APEX1. APEX1 encodes an endonuclease (APEL)
critical for removal of apurinic sites and normal processing during base excision repair [37]. The
variants were biochemically characterized during either the course of site directed mutagenesis
studies of the enzyme mechanism [38-41] or as part of a study to characterize amino acid
substitution variants observed in the human population [22]. The biochemical activity of the APE1
variants and the SIFT and PolyPhen scores are in Table 4. The algorithms were concordant in their
predictions. With the exception of the Ala substitution at residue 70, avariant that retained only
4% of wildtype activity, the algorithms correctly predicted the impact of the substitutions on
protein activity. The algorithms did correctly predict the negative impact of another substitution,
Argfor Glu, at residue 70, avariant aso retaining 4% activity, although the score was less than the
usual cutpoint for the “Possibly Damaging” designation. The six variants retaining 10-25%
residual activity were scored as “Probably Damaging” by PolyPhen and “Intolerant” by SIFT.
Both of the variants retaining 36% of normal activity were scored as “ Possibly Damaging” and
“Intolerant”. The variant retaining 60% activity was classified as “Benign” and “ Tolerant”
(without negative impact) as were the two variants retaining wild-type activity. Two variants
identified in population screening [22], 241R and 306A, retained wild-type activity, but were
designated as “Potentially Intolerant” and “Borderling” substitutions respectively by SIFT and
“Borderline” by PolyPhen using the extended groupings described above. Employing the two
category Intolerant versus Tolerant and Probably/Possibly Damaging versus Benign scoring
convention, the algorithms correctly identified the functional impact of 24 (or 25 if the variant
retaining 60% residua activity is considered wildtype) of the 26 variants in the dataset, including
seven variants where the substitution impaired the ability of the protein to bind to substrate and
thus had a more indirect impact on enzymatic activity.

Discussion

It is generally acknowledged that most of the burden of common disease in the population exists
as sporadic or non-inherited cases and results from modest exposures in individuals with elevated



susceptibility. Thisis expected to be especialy important in diseases with late age-of-onset [42-
44]. The hypothesis that elevated susceptibility is associated with polymorphic variants in disease
related genes, the “common variant-common disease hypothesis’, has been extensively discussed
[43-50]. Assumptions of this hypothesis include the polygenic nature of disease susceptibility in
the general population and that a (substantial) fraction of the common polymorphisms existing in
the population will impact protein function. An aternative hypothesisis that common diseases,
which are often late age-of-onset diseases, are associated with alarge number of different low
frequency polymorphisms (rare variants), the “common disease-rare variant” hypothesis [42-
44,50,51]. Documenting that a substantial fraction of the amino acid substitution variants observed
in the screening of the general population had a negative impact on the activity of variant proteins
and the distribution of variants between the classes predicted to be functionally relevant and non-
relevant may provide insight into the relative merits of the hypotheses. The large number of
candidate variants aready identified in DNA repair and other disease associated genes makes it
infeasible to characterize al of the variants with biochemical and biological assays, thusin silico
methods must be employed for addressing the potential functional relevance of these amino acid
substitutions.

The benchmarking of the SIFT and PolyPhen algorithms with APE1 variants characterized for
level of enzymatic activity confirmed that both algorithms are quite capable of discriminating
between variants with minimal residual activity and variants with wild-type activity. These data
are consistent with the other benchmarking studies that generally employed highly penetrant
variants associated with a genetic disease [28,34,35] or impaired ability of cellsto grow [31] asthe
test datasets. The study of the APEL variants suggests that the “false negative” error rateis
reasonably small. The few APEL variants retaining at least 50% of wild-type activity preclude a
meaningful estimation of a*“false-positive’ rate. In an analysis of variants associated with disease,
afalse positive rate of 8-9% was derived [33]. The ability of in silico approaches to identify
variants retaining 20-50% residual activity isimportant. These are variants expected to be the basis
for the proposed association of common variants with common disease and the focus of studies of
individual susceptibility and disease risk in the general population.

From 33 to 53% of the amino acid substitutions in the DNA repair genes were predicted to
negatively impact protein activity, depending upon the algorithm used and assumptions regarding
scores indicative of anegative impact on activity. The 62% general concordance between the two
algorithms in predicting the impact of these substitutions on function is encouraging, as the
algorithms employ different approaches and types of reference datafor their predictions, different
scales for scoring and the boundaries for grouping the variants were somewhat arbitrary. Also, the
number of sequences available for inclusion in the analysis of any variant and the quantity of data
regarding the domain structure of a protein are quite variable. Non-agreement regarding specific
variants could aso reflect the high level of evolutionary sequence conservation of the repair genes.
Over 75% of the amino acid substitutions in a subset of the genes occurred at residues that were
identical in humans and mice [11]. It is notable that many processes in repairing damaged DNA
require proteins to function in multiprotein complexes. Sequence conservation is expected to be



maintained in these protein interaction and communication domains, in addition to the
conservation expected in th substrate binding and catal ytic domains. SIFT, which emphasizes
sequence conservation and classified more variants (44.5%) as having a negative impact than
PolyPhen (33.8%), may be more sensitive in identifying the potential impact of variation in these
important regions of the protein, regions not generally well characterized nor annotated at this
time.

New and modified approaches for predicting protein folding and structure [52,53] and increased
knowledge of the characteristics of variants associated with high penetrance disease [54-59] as
well as the increased availability of protein structure data should provide opportunities to make
enhancements to the currently available algorithms. Of specia interest for the DNA repair genes
will be information about amino acid residues involved in the interaction among subunits of the
multiprotein complexes required for efficient repair of damaged DNA prior to replication and cell
division. New methods are also required to identify variants with increased specific activity, a
potential not addressed by current algorithms. Idedlly, in silico approaches will eventually predict
the quantitative impact of a substitution on protein and pathway activity [12,60].

Establishing different decision-points so as to flag variants retaining more than marginal
residual activity but with still potentially meaningful reductions in activity would be helpful in
identifying variants for further analysisin functional assays or molecular epidemiology studies.
This group of variantsis expected to be important in explaining the individual variation in repair
capacity and susceptibility. A negative impact was predicted for 21% of the variants scored by
both algorithms using the stringent criteria originally suggested for these algorithms. Inclusion of
the next 5% of the scale for SIFT scores as “ Potentialy Intolerant”, adds 8.9% of the variantsto
the affected category (Table 2), while 15.5% of the variants exist in the “ Potentially Damaging”
group in the PolyPhen scores (Table 1). Assuming that the variants in the “ Potentially Intolerant
and Damaging” category exhibit reduced activity, 31.3% of the variants are predicted by both
algorithms to have at least the potential to impact activity.

The prediction that 20-50% of the large number of amino acid substitution variants observed in
DNA repair genes will impact function (Tables 1-3) is consistent with results from other studies of
DNA repair gene variants using these algorithms [36,61] or other approaches to identify the subset
of amino acid substitution variants expected to impact protein activity in arange of genes. Fleming
et a. [36] using an approach termed “ancestral sequences’ that was capable of identifying 85% of
known detrimental missense variants in HBB and BRCAZpredicted that 38 of 139 missense
variants in BRCAXfrom the Breast Cancer Information Core) were important for normal protein
function. The SIFT algorithm classified 36 of the 38 variants as “Intolerant”. SIFT also predicted
an additional 34 BRCA 1 variants would have reduced function. Similar analyses have been
conducted of 155 missense variants identified in population screening of 24 transmembrane genes
[8] using BLOSUM®62 [62], SIFT [27] and Grantham [63] scores. Thirty six percent of 185
missense variants in 104 candidate disease genes were defined as non-conservative exchanges by
the BLOSUM62 matrix [10]. Although the data on concordance among different approaches for
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predicting the probability of a substitution impacting function is limited, the data are quite
consistent in predicting that 30-50% of the substitutions will impact function.

The potential for substitutions to result in a protein with elevated specific activity is not
addressed with the avail able algorithms. Such variants could have a protective impact, but
hypermorphs can also be associated with disease [64]. Also not addressed is the impact of multiple
substitutions in a subunit on the activity of the protein or the impact of substitutionsin the
homozygous or compound heterozygous variant individual. Preliminary analysis of the available
genotype data suggest that both situations occur. For example, the linkage disequilbrium analysis
infers that the three most common amino acid substitution variants in XRCC1 each exist on a
different chromosome (haplotype). In contrast, three of the four most polymorphic amino acid
substitutions in ERCC6 exhibit strong linkage disequilbrium, suggesting they exist on asingle
chromosome and will encode a protein subunit with three amino acid substitutions (unpublished
data).

The fraction of variantsin the repair genes predicted to be functionally important is also
consistent with results from biochemical analyses of both repair genes and members of other gene
families. Four of seven polymorphic variants of APEX1 identified in the population retained less
than 60% of normal activity [22]. Studies of other proteins arrive at similar conclusions for
variants identified in population based screenings. Five of 15 amino acid substitution variantsin
OCT1 exhibited reduced ability to transport organic cations [65]. All four of the polymorphic
variants of OCT2 characterized (a subset of the eight polymorphisms identified) exhibited reduced
ability to transport a cationic xenobiotic [66]. Seven of 16 variants of SLC21A6 impacted activity
[67]. Functional studies of the common variants of five drug metabolizing enzymes (CYP3A4,
CYP2C19, CYP2J2, EPHX2, CYP3AS5) report that 13 of 27 variants exhibited reduced activity [68-
72]. Other support for the functional importance of the variants are the reports that highly
polymorphic variants of ERCC2, XPC, XPA and XRCC1 can have negative impacts on measures of
DNA repair activity [23-25,73,74]. These latter studies do not provide insight into the fraction of
repair gene variants impacting activity, but do confirm that high alele frequency variants are
associated with a negative impact on the activity of arepair pathway. Overall, these functional
studies support the in silico prediction that 30-50% of the amino acid substitution variants
identified in systematic screening of population based samples should have a measurable negative
impact on activity. It can thus be projected that 1-2 functionally relevant variants will exist in a
typical gene, given that 3-5 different amino acid substitution variants per gene are observed in
these systematic screenings[11,12]. Particularly given that 20-40 genes have rolesin each of the
different repair pathways [12,75], the DNA repair gene variants predicted to negatively impact
function have the collective potential to contribute substantially to the variation in repair capacity
and mutagen sensitivity and thus have arole in variation in individual susceptibility.

Over 90% of the variants included in these analyses of repair gene variants are estimated to
exist at individual allele frequencies of less than 10% [11,12], with 70% of the amino acid
substitutions existing at allele frequencies of <0.02. The variants existing at individual frequencies
of <0.10 make important contributions to the total genetic variation as they account for 34% of the
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genetic variation in the general population associated with amino acid substitutions in these genes.
Although the very large number of low frequency allelesin this data set limits the power to
identify associations of allele frequency and predicted impact, the low frequency variants were
more likely to bein the groups of variants predicted to impact protein activity. Thisis consistent
with previous observations [6] or assumptions [9] of analyses of other genes. This observation
could be considered support for the “common disease-rare variant” hypothesis [42,50,51]. But, the
alleles predicted to be functionally relevant are not restricted to the lower frequency
polymorphisms. Several of the amino acid substitution variants existing at allele frequencies of
>0.20 have been reported to exhibit reduced functional activity or repair capacity [23-25,73,74].
Individually, these variants observed in many individuals would have alarger impact of the
population risk of disease than would alow frequency variant. Thisis as predicted by the
“common variant-common disease” hypothesis [43-50]. Although the substitutions with higher
probability to impact activity exist at somewhat lower average allele frequency, a substantial
fraction of al variants are predicted to impact biochemical function.

In summary, in silico analyses predict that 30-50% of over 500 amino acid substitution variants
currently identified in the general population will exhibit reduced activity. Analyses of the
distribution of relevant variants by alele frequency suggests that both the highly polymorphic and
the less common variants are likely to impact protein activity and contribute to variation in disease
susceptibility. Advancement in understanding the molecular and biological basis for the observed
association of reduced DNA repair capacity phenotypes with elevated individual cancer risk must
consider the impact of the substantial number of potentially relevant variantsin arepair pathway
[12].

Methods
The dataset

The mgjority of the variantsincluded in this analysis were identified during the screening of 88-
90 samples from the “DNA Polymorphism Discovery Resource” available at the Coriell Institute
for Medical Research, Camden, NJ. This resource was established by the NIH as a set of samples
available to investigators screening for common genetic variants existing in the general population
of the United States [76]. The samples are from U. S. residents and the mgjor ethnic groupings of
the population. The approaches and protocols for identifying variants have been described [78,79].
Most of the data and information describing the genes and variants are avail able at
<http://greengenes.lInl.gov/dpublic/secure/reseq/>, Lawrence Livermore National Laboratory;
<http://www.genome.washington.edu/projects/egpsnps/>, Environmental Genome Project,
University of Washington; and <http://egp.gs.washington.edu>, Human Genome Center,
Environmental Genome Project, University of Washington. Both of the University of Washington
projects were supported by the NIEHS Environmental Genome Project. Other sample sets
employed in screening for variation in asmall subset of the repair genes are described in [11]. Data
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for severa genes are from publications reporting results from more focused screening of DNA
repair genesin at least 50 unrelated individuals [see ref. 12].

The genes screened for variation and the number of amino acid substitution variants identified
and analyzed for predicted impact on activity by SIFT and PolyPhen are listed in Table 5. In
addition, no amino acid substitution variants were observed in the screening of DDB1, FEN1,
G22P1, PCNA, POLAPOLEZ2, POLM , TREX1 AND UNG. The gene symbols are from the
HUGO Nomenclature Committee (http://www.gene.ucl.ac.uk/nomenclature/). Information
regarding the role of the individual genesin DNA repair and localization to repair pathways are
available[12,71].

Prediction of the impact of amino acid substitutions

The fundamental assumptions of the SIFT a gorithm have been described by Ng and Henikoff
[42-44]. The agorithms and instructions for analysis of amino acid substitutions are available at
http://blocks.fherc.org/~pauline/SIFT.html. The data employed in the SIFT analysis were the
repair gene sequences available in the NCBI nonredundant database (http://www.ncbi.nlm.nih.gov)
on 7/15/03. Given the high level of evolutionary conservation generally observed for the DNA
repair genes, only sequences more than 95% identical were excluded, rather than excluding
sequences that were greater than the 90% identity recommended [27].

The PolyPhen a gorithm and the underlying principles have been previously described [32,34].
Additional details of the algorithm and instructions for analysis of amino acid substitutions are
available at http://www.bork.embl-heidelberg.de/PolyPhen/. The PolyPhen analyses utilized the
dataavailable in SwissPro on 7/18/2003. As both GenBank and SwissPro are dynamic databases,
the results for the predicted impact of an amino acid substitution may change as new data become
available. Asseenin Table 1, insufficient data were available to predict the impact of afew amino
acid substitutions in some genes, the exception being ERCC6 where insufficient data were
available to support the PolyPhen analysis for any of the variants.
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Table1l
Distribution of variants by PolyPhen scores

PolyPhen average

Scores | mpact # of variants % alelefreq
>2.00 Probably Damaging 61 125 0.033
1.99-1.75 Possibly Damaging 48 9.8 0.027
1.74-1.50 Possibly Damaging 56 115 0.031
149-1.25 Potentially Damaging 76 155 0.033
1.24-1.00 Borderline 62 12.7 0.042
0.99-0.50 Benign 91 18.6 0.036
0.49-0.01 Benign 88 18 0.064
0.00 Benign / 14 0.090

Total 489 100
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Table2
Distribution of variants by SIFT scores

SIFT Scores I mpact
0.00 Intolerant
0.01-0.05 Intolerant
0.051-0.10 Potentially Intolerant
0.101-0.20 Borderline
0.201-0.50 Tolerant
0.501-0.99 Tolerant
1.00 Tolerant
Totd

# of variants

140
86

45
64
84
51

38
508

%
27.6
16.9
8.9
12.6
165
10
7.5
100

average

allelefreq
0.037
0.036
0.044
0.036
0.041
0.070
0.034
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Table 3
Concordance of the SIFT and PolyPhen predictions of the impact of amino acid
substitutions on activity of DNA repair proteins

PolyPhen predicted impact
(scores)

SIFT predicted impact Probable Possible  Potentid Borderline Benign

(scores) (>2.00) (1.99-1.50) (1.49-1.25) (1.24-1.00) (<1.00)
Intolerant
()] 26 (5.4)*° 34(7.1) 18 (3.8)° 14 (2.9) 28 (5.8)
Intolerant
(0.01-0.05) 16 (3.3) 25 (5.2) 13(2.7) 12 (2.5) 14 (2.9)
Potential
(0.051-0.10) 4(0.8) 7 (1.5) 7 (1.5) 9(1.8) 18 (3.8)
Borderline
(0.101-0.20) 5(1.0) 17 (3.4) 13 (2.7) 7(15) 22 (4.6)
Tolerant
(>0.20) 10(2.1) 17 (3.4) 23 (4.8) 19(4.0) 100 (20.9)

®number (%) of variants
Pbold indicates variants where both SIFT and PolyPhen predict negative impact
“italics indicate variants where both SIFT and PolyPhen predict at |east a potential negative impact
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Table 4
SIFT and PolyPhen scores for functionally characterized APEL variants

Sift PolyPhen PolyPhen

Variants binding (%) incision (%)  scoré’ score | mpact®
Wild Type 100.0 100.0

N68AY 100.0 0.02 0.00 3.05 PRB
N68D 100.0 0.05 0.00 2.37 PRB
D70A 100.0 4.0 0.41 0.44 Ben
D70R 100.0 4.0 0.05 1.37 PRB
E96A 100.0 0.02 0.00 2.59 PRB
E96Q 100.0 0.02 0.00 1.92 PRB
Y 128A <1.00 25.0 0.02 3.17 PRB
R156Q <1.00 1.0 0.00 2.34 PRB
Y171F 100.0 0.02 0.00 2.18 PRB
Y171H 100.0 0.01 0.00 2.40 PRB
Y171Q 7.0 nd? 0.00 3.08 PRB
D210A 100.0 <0.004 0.00 2.91 PRB
D210N 100.0 <0.004 0.00 2.23 PRB
D210H 100.0 0.06 0.00 2.68 PRB
F266A 15.0 15.0 0.01 2.23 PRB
D283N nd 10.0 0.01 2.23 PRB
D308A 50.0 20.0 0.00 291 PRB
D308S 100.0 20.0 0.00 2.46 PRB
H309S 10.0 <0.004 0.00 3.51 PRB
L104R 50.0 36.0 0.02 1.53 POS
E126D 75.0 60.0 0.30 0.86 Ben
D148E 100.0 94.0 1.00 0.19 Ben
R1237A 100.0 36.0 0.05 1.93 POS
G241R 100.0 106.0 0.09 1.13 Ben
D283G ~10 0.01 2.68 PRB
G306A 100.0 107.0 0.20 1.18 Ben

®As with the other variants with low binding efficiency and other substitutions at this residue, this
variant is assumed to exhibit low incision activity, although the incision activity was not determined.
PSIFT scores of 0.05 or less are classified as “ Intolerant” while scores above 0.05 are designated
as“Tolerated” variants

° PRB, “Probably damaging”; POS, “Possibly damaging; Ben, “Benign” variants

¢ most common amino acid residue-residue number-variant amino acid
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Table5
DNA repair genes screened for variation, number of missense variants identified and
number of variants scored by SIFT and PolyPhen algorithms

# of # of variants # of variants
variants scored by scored by # of variants scored by

Gene identified SIFT PolyPhen both algorithms
ADPRT1 5 5 5 5
ADPRTL2 5 5 5 5
APEX1 4 4 4 4
ATM 45 38 41 38
BRCA1 10 10 10 10
BRCA2 35 31 34 30
CHEK1 1 1 1 1
CKN1 1 1 1 1
DDB2 3 3 3 3
ERCC1 1 1 1 1
ERCC2 5 5 5 5
ERCC3 4 4 4 4
ERCC4 9 9 9 9
ERCC5 15 15 15 15
ERCC6 16 16 0 0
EXO1 18 18 18 18
FANCC 3 3 3 3
FANCG 4 4 4 4
GTF2H1 3 3 3 3
GTF2H3 1 1 1 1
GTF2H4 1 1 1 1
HCNP 3 3 3 3
HUSL 4 4 4 4
LIG1 11 11 11 11
LIG3 3 3 3 3
LIG4 2 2 2 2
MBD4 6 6 6 6
MGMT 7 6 6 5
MLH1 9 9 9 9
MPG 7 7 7 7
MRE11A 2 2 2 2
MSH2 6 6 6 6
MSH3 10 10 9 9
MSH4 5 5 5 5
MSH6 8 7 8 7
MUTY 8 8 8 8
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